Abstract. We focus this work on multi-scale modeling of the ion-beam-induced amorphization and recrystallization in Si, although our scheme can be applied to other materials. We use molecular dynamics to study the formation mechanisms of amorphous regions. We have observed that along with energetic ballistic collisions that generate Frenkel pairs, low energy interactions can produce damage through the melting and quenching of target regions. By quantifying these results, we have developed an improved binary collision approximation model which gives a damage description similar to molecular dynamics. We have successfully applied our model to ion and cluster implantations. In order to define the energetic of defects in a more computationally efficient Kinetic Monter Carlo code, we have used molecular dynamics results related to the recrystallization behavior of local amorphous regions. The combination of all these simulation tools, molecular dynamics (fundamental studies of damage formation and recrystallization), improved binary collisions (including ballistic and melting-related damage) and Kinetic Monte Carlo (for efficient defect kinetics modeling during the implantation and the subsequent annealing), allows us to model the effect of ion mass, beam current and implant temperature on the amount and morphology of residual defects in Si.
Introduction
The introduction of energetic ions during the implantation step needed to fabricate shallow junctions in Si generates a large number of defects in the lattice. These defects diffuse, interact among them and with dopants, annihilate at interfaces, etc. resulting in a final dopant and defect distribution that affect the device performance. Consequently, it is necessary to have a good understanding of all these mechanisms in order to control the device characteristics. Multi-scale modeling is required to capture the underlying physics and to access space and time scales directly comparable with experiments.
The tool routinely used for the simulation of ion implantation is based on the so called binary collision approximation (BCA). This simulation technique is adequate to properly reproduce the damage generated by light ions and gives reasonably good depth profiles and projected ranges of implanted species with low computational cost [1] . However, it is not able to adequately describe the amorphous regions present in the as-implanted damage of heavy ions, which have been observed experimentally [2] and obtained from molecular dynamics (MD) simulations [3] [4] [5] . Their origin has been attributed to processes involving low energy interactions [6] . It would be desirable to develop improved BCA models able to provide the same damage structures predicted by MD but without its computational overhead.
BCA Cascades
In BCA, implantations are simulated by considering collisions between the ion and its closest target atom. Target atoms are displaced from their lattice positions only if they receive in a collision an amount of energy higher than the displacement threshold, E d [7] (conventionally E d is 15 eV for silicon [1, 8] ). BCA gives an atomistic description of damage based on the interstitial-vacancy pairs generated in these collisions, also called Frenkel Pairs (FP). When cascades are simulated with BCA, different ions produce the same number of FP for the same nuclear deposited energy [9] . However, in MD simulations the amount of damage and its complexity increases with ion mass for the same deposited energy [5] . In a more detailed analysis of energy transfers in BCA during 1 keV B, Si and Ge cascades into silicon, only 23 % of nuclear deposited energy is used to generate FP. The remaining percentage, 77 %, is employed in energy transfers to atoms below the displacement threshold. When grouping these atoms within a second neighbor distance, the mean group size and the mean group energy increase with ion mass. Then, it seems that these low energy transfers usually ignored in BCA simulations could establish the difference in damage morphology among the three ions.
Damage generation below Ed
We have used MD simulations to study damage generation mechanisms at energy transfers below E d . We use the Tersoff 3 potential [10] to describe silicon interactions. We carry out our simulations in the NVE ensemble, using cubical cells and applying periodic boundary conditions in all directions. We give a certain amount of kinetic energy to a number of atoms located in a sphere in the center of the cell with velocities in random directions. Initial energy density is chosen between 0 and 20 eV/atom. At the end of the simulation the final number of atoms displaced from perfect lattice positions is evaluated. The initial temperature of the cells is 0 K to avoid damage migration and annihilation. We choose system size so that temperature increase after thermalization is low enough to avoid dynamic annealing. We run 100 simulations for each set of initial conditions to have good statistics.
For each simulation we evaluate the number of final displaced atoms per initial moving atom. We refer to this quantity as the 'efficiency on damage generation'. In Fig. 1 we represent this efficiency as a function of the initial energy of moving atoms for different numbers of initial moving atoms. In BCA simulations, the efficiency is zero below the displacement threshold and one over it. However, in MD the efficiency can be quite high even below the threshold. Furthermore, we have that for each number of initial moving atoms, the efficiency depends linearly with the initial energy density. The crossing point of straight lines with the horizontal axis represents a threshold energy density for damage production. On the other hand, the slope of the straight lines is a kind of displacement energy. It is worth noting that below 1 eV/atom there is no final damage even for total deposited energies as high as 5 keV. The physical meaning of the 1 eV/atom threshold is understood in the context of a competition between the melting of the excited region and the out-diffusion of the deposited energy [11] . In this competition, atoms must have a certain amount of energy during enough time to be displaced from their lattice positions. This time rapidly increases with decreasing energy density with a low energy threshold at 1 eV/atom below which there is no damage production.
Improved damage BCA model
With the previous MD results, we have developed an improved damage model for BCA codes. This model allows to obtain a damage description similar to MD but with a much lower computational cost. First, there is a collisional phase which is still simulated with a conventional BCA code. We store the generated FP with the remaining energy of interstitials at the end of their trajectories, and the position and energy of all the target atoms that receive any amount of energy during the cascade. We call them 'hot particles'. In the next step, it is decided whether these hot particles are locally displaced from their lattice site or not. For that purpose, and with the help of Fig. 1 , we evaluate their efficiencies by taking into account their local environment. This local environment is formed by all the surrounding particles within a second neighbor distance having energies above 1 eV. For efficiencies below zero, the hot particle is not displaced. If it is between zero and one, the hot particle is displaced with a random probability given by its efficiency. If it is one or above, the hot particle is displaced and, taking into account the remaining efficiency, a first random 'no-displaced' neighbor is also displaced or not. Then, at the end of the cascade, we have a set of FP and locally displaced atoms from the hot particles.
When we apply our improved damage model to the BCA implantations of 1 keV of B, Si and Ge into silicon, we have that the final number of displaced atoms and the distribution of cascades as a function of the generated damage are similar to MD results [5] as can be seen in Fig. 2 . We also have successfully applied our improved BCA model for the description of damage generated by cluster implantations. As an example we studied the implantation of B 18 H 22 into silicon, which has been proposed as an alternative to the use of monatomic B beams in order to improve production throughput in the fabrication of shallow p-type junctions. We have carried out 100 independent cascades of 9 keV B 18 H 22 into Si with normal incidence (500 eV per B atom). For the sake of simplicity, only the boron atoms of the molecule are considered. We have simulated a sequential implantation of 18 B ions taking into account damage accumulation. The impact point of each B ion was randomly chosen within an implantation window whose dimensions are determined by the cluster molecule geometry. If we compare with MD results [12] , we obtain a good agreement for the damage region as can be seen in Fig. 3 .
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Combined amorphization-recrystallization model
It has been shown using MD techniques that amorphous zones can be described in terms of a Si defect called bond defect or IV pair [13] . This defect consists of a local rearrangement of bonds in Si where two atoms are displaced from their lattice positions [14, 15] . Its activation energy for recombination, and therefore the recrystallization of amorphous regions, depends on the number of neighboring IV pairs: the higher the number of surrounding IV pairs, the higher the activation energy for IV pair recombination [16] . This information about recrystallization, along with the kinetics and interactions of dopants and defects, have been introduced in the non-lattice Kinetic Monte Carlo (KMC) diffusion code DADOS [17] . This KMC model based on the IV pair description of damage has been successfully applied to reproduce and explain many experimental results [18] .
In order to test the combined amorphization-recrystallization model, we have obtained the transition temperature, T C , for amorphization by ion implantation as a function of dose rate for 80 keV Si and Ge implants into silicon with a dose of 10 15 cm -2 . This temperature marks two different behaviors: below T C the target is amorphized, and above T C damage is recombined as it is generated. To evaluate T C it is necessary to analyze the final damage at different temperatures for each dose rate. Consequently, these simulation experiments comprise a wide range of amorphization and recrystallization conditions. We proceed as described in the following. Damage zones generated by the cascades are obtained with our improved BCA model. Then, particles that form these damage zones are transferred to DADOS and translated into IV pairs taking into account that, as mentioned before, an IV pair is formed by two Si atoms displaced from their lattice positions. Annealing at the implant temperature is carried out after each implantation cascade during a time defined by the implant dose rate. During this annealing, particles interact with the probability rates defined in DADOS. Then, a new cascade is added to the remaining damage until the specified final dose is reached. Fig. 4 shows the evolution of T C as a function of dose rate. As can be seen, there is a good agreement between our simulation results and the experimental measurements [19] . Open symbols correspond to simulation results. Solid symbols are from the experiments of ref. [19] .
Conclusions
In conclusion, we have presented an improved BCA model that provides an atomistic description of damage similar to the one given by MD but with a much lower computational cost. This model combines ballistic and melting-related damage mechanisms. We have successfully applied our model to ion and cluster implantations and the resulting damage regions are in very good agreement with MD simulations. We have linked the improved BCA code into the non lattice kinetic Monte Carlo diffusion code DADOS, which includes a recrystallization model that describes amorphous regions as agglomerates of the silicon defect called IV pair. We have tested the combined amorphization-recrystallization model for a wide range of implantation conditions, showing good agreement with experimental results.
